Obstructive sleep apnea (OSA) occurs at a high prevalence in patients with Down syndrome (DS). A polysomnogram, which is often cumbersome and challenging, remains the gold standard method of diagnosing OSA. OSA in patients with DS is often attributed to skeletal and soft-tissue structural alterations that are characteristic of the DS phenotype; as such, we hypothesized that assessing anthropometric facial measurements may be predictive of OSA in patients with DS. We used the 3dMDface sterophotography system to capture and create 3D facial images, and we subsequently identified facial landmarks using a single, experienced investigator and utilizing proprietary software to calculate inter-landmark distances and angles. We compared our findings with similar data for neurotypically developing participants. We further compared the findings in participants with DS with and without OSA. Participants with DS had maxillomandibular hypoplasia with smaller ear, nose, and eye measurements compared to neurotypically developing peers. We found no statistically significant differences in 3D photogrammetric measurements between participants with DS with or without OSA.
prevalence estimates ranging from 30% to 60% (Levanon, Tarasiuk, & Tal, 1999; Shott et al., 2006; Stebbens, Dennis, Samuels, Croft, & Southall, 1991) . This has been attributed to the skeletal and soft-tissue structural alterations that are characteristic of the DS phenotype, predisposing patients with this condition to sleep disordered breathing and airway obstruction. These specific alterations include adenotonsillar hyperplasia, midfacial and mandibular hypoplasia, hypotonia, macroglossia, choanal atresia, an acute cranial base angle, and small upper airways (de Miguel-Diez, Villa-Asensi, & Alvarez-Sala, 2003; Goffinski et al., 2015; Ng et al., 2006) .
Given the relationship of these structural alterations and sleepdisordered breathing, we hypothesized that inter-landmark distance and angular measurements in the craniofacial anatomy of patients with DS might be predictive of OSA in DS. Due to the high incidence of sleep-disordered breathing in this population, the American Academy of Pediatrics currently recommends that all children with DS have a baseline polysomnogram by age four, and again if symptoms occur later in life (Bull, 2011) . Although polysomnography is the gold standard for diagnosing OSA, this test is often costly, uncomfortable, and inconvenient for families, and as such has motivated research aiming to establish alternative, less cumbersome methods of reliably predicting OSA (Skotko et al., 2017) .
The earliest assessments of facial morphology used simple visual examination (i.e., anthroscopy). More recently, facial morphology was assessed by manual anthropometry using calipers (Jayaratne, Deutsch, & Zwahlen, 2014) ; however, the technique was inconvenient and cumbersome for both patients and the operator.
The current standard for characterizing facial morphology is 3-dimensional digital anthropometry using non-contact surface imaging systems (Ferrario, Dellavia, Colombo, & Sforza 2004; Ferrario, Dellavia, Serrao, & Sforza, 2005; Sforza, Dellavia, Dolci, Donetti, & Ferrario, 2005; Starbuck et al., 2011) .
The aims of our research were (1) to characterize facial morphology of patients with DS using 3D digital anthropometry; (2) to compare facial anthropometric characteristics of patients with DS versus published norms; and (3) to compare facial anthropometric characteristics of patients with DS between those with versus without OSA for predicting OSA status in patients with DS.
| MATERIALS AND METHODS

| Subjects
The sample used for this study consisted of patients with DS recruited from Boston Children's Hospital. This study was approved by the Institutional Review Board of the Boston Children's Hospital , and written informed consent/assent was obtained from the research participants and/or their parents.
Patients with a history of adenotonsillectomy, adenoidectomy, tonsillectomy, a sleep study within the past 6 months, or being treated for OSA with continuous positive airway pressure were excluded.
| Imaging technique
The 3dMD face stereophotography system (3dMD, Atlanta, GA) was used for capturing the 3D facial images. The system consists of six paired, synchronized cameras (four gray scale and two color) positioned at specific angulations. The six images acquired simultaneously are then merged using a complex triangulation algorithm to generate a lifelike 3D photograph of the face (see Figure 1 ). This imaging system has been validated for accuracy and reliability (Aldridge, Boyadjiev, Capone, DeLeon, & Richtsmeier, 2005; Weinberg et al., 2006) . (al, alare; ch, cheilion; cp, cervical point; en, endocanthion; ex, exocanthion; g, glabella; gn, gnathion; n, nasion; pg, pogonion; prn, pronasale; sl, sublabiale; sn, subnasale; t, tragion). [Color figure can be viewed at wileyonlinelibrary.com] The subjects were imaged while they were sitting on a chair at a set distance from the cameras. When needed, younger children sat on the lap of their caregiver.
| Image analysis
An anthropometric analysis scheme developed for qualifying facial norms (Jayaratne, Deutsch, & Zwahlen, 2013a , 2013b , 2014b , 2014c was used with suitable modifications to suit the current project.
Landmarks were identified by a single investigator (YSNJ) with significant experience in digital craniofacial anthropometry. Interlandmark distances and angles were calculated in SAS (SAS Institute, Cary, NC). The anthropometric landmarks and measurements used and demographic information collected for the analysis are specified in Tables 1 and 2 
| Normative data
Data for neurotypically developing subjects were obtained with permission from the FaceBase database (www.facebase.org). This database contains age-and gender-specific anthropometric landmark coordinate data (x,y,z) obtained from 2,545 individuals of EuropeanCaucasian ancestry between 3 and 40 years. The Facebase data were collected using the same 3dMD imaging systems used in our current study.
| Statistical analysis
Demographic characteristics were summarized and compared between participants who did versus did not complete 3D
photogrammetry by Fisher's exact test and t-test. Age-specific means and standard deviation were estimated from the FaceBase data separately by sex for each metric using a generalized additive model for location and scale (Stasinopoulos, O'Brien, Wildes, Glunde, & Bhujwalla, 2007) . Both means and standard deviations were fit using penalized beta splines (Sabri et al., 2005) . Data for each metric from participants with DS were transformed to z-scores by subtracting the appropriate age-and sex-specific mean and dividing by the appropriate age-and sex-specific standard deviation. Z-scores were tested for a difference of the mean from zero for each metric using one-sample t-tests. Twosided p-values were adjusted for multiple comparisons by a stepdown Bonferroni adjustment (Heisterberg, Johansen, Larsen, Holm, & Andersen, 1979) . Each metric was compared among participants with DS between those with versus without OSA on its original scale and as a z-score by two-sample t-tests with step-down
Bonferroni-adjusted two-sided p-values. Adjusted p-values less than 0.05 were considered significant. In a separate analysis, we had previously applied an ensemble machine learning algorithm, the Logic Learning Machine (LLM) by from the Rulex 3.1 suite (www.rulex-inc.com), to predict three levels of OSA severity (Skotko et al., 2017) .
| RESULTS
A total of 98 subjects had 3D facial photography with the 3dMD face imaging system. However, since 3D norms from Facebase were available only for Caucasian subjects, the analysis here was confined to our 63 Caucasian participants. The anthropometric measurements of the participants are presented in Table 3 .
| Comparison with normative data
A majority of 3D linear anthropometric measurements in patients with DS were lower than age-and gender-matched norms. These included facial depth measurements indicating a maxillomandibular hypoplasia accompanied by smaller ear, nose, and eye measurements. Only alar slope angle and subnasal protrusion angle were significantly larger than matched norms. However, the lower face height, chin height, labial fissure length, and upper vermilion height of patients with DS did not differ from their neurotypical counterparts.
| Comparison between participants with DS who have and do not have OSA
No statistically significant differences in 3D photogrammetric measurements were noted between participants with DS who have versus do not have OSA after adjusting for multiple comparisons. Zscores can be found on Table 4 . The LLM analysis did not identify rules based on 3D photogrammetric measurements that improved prediction of OSA severity based on cross-validated positive and negative predictive values.
| DISCUSSION
Although the high prevalence of OSA among patients with DS is attributed to altered facial morphological in this population, our findings suggest that variation in these morphological features do not distinguish individuals with OSA. While a few previous studies (Ferrario, Dellavia, et al., 2004a; Ferrario et al., 2005; Sforza et al., 2005; Starbuck et al., 2011) in the literature have assessed the morphological features in patients with DS using 3D imaging, the current study is the first to assess the association between these anthropometrics and sleep-disordered breathing and OSA.
Our study was focused on the external soft tissue morphology of patients with DS. However, several other factors including central apnea and issues related to internal soft tissues including reduced muscle tonicity, narrowing of the upper airway, a relatively large tongue, adeno-tonsillar hypertrophy, and poor coordination of airway movements may contribute the high incidence of OSA in patients with DS (Fung, Witmans, Ghosh, Cave, & El-Hakim, 2012; Shott, 2006) . Therefore, our inability to find any statistically significant differences in facial anthropometric measurements between patients with DS who have versus do not have OSA may be more related to internal soft tissue variations, rather than facial morphology alone. size when compared to matched controls Sforza et al., 2005) . This is consistent with our findings of mostly decreased linear anthropometric measurements. Ferrario, Dellavia, Zanotti, & Sforza (2004) used an electromechanical digitizer to obtain the 3D anthropometric landmark coordinates from 28 white Italian subjects with DS. They found that the skull base and the mandible were narrower with shorter and shallow facial thirds (upper, middle, and lower face) than neurotypically developing subjects. They also noted that participants with DS had smaller ears.
Sforza et al. (2011) evaluated the nasolabial morphology in 64 North
Sudanese participants with DS using a hand-held laser scanner.
Similar to our results, they found that the vertical and anteroposterior nasal dimensions plus the mouth and philtrum width of participants with DS were reduced than the reference group.
However, the horizontal nasal dimensions (alar base width, inferior widths of the nostrils) and vermilion height were increased, indicating some racial differences in the Sudanese group compared to our Caucasian sample.
Our study is limited by the restriction of ethnicity, in that only Caucasian individuals were available as published healthy controls.
Further analysis of different races and ethnicities and a broader age range may have yielded different characteristics and measurements, ultimately expanding our knowledge of the DS phenotype and how we understand craniofacial morphology and development. Kruszka et al. (2017) 
